This study utilises a UV/TiO 2 system to decolorise C.I. Reactive Black 5 (RB5). The effects of TiO 2 dosage, pH, RB5 concentration and light power on the decolorisation efficiency using the UV/TiO 2 system were determined. The experimental results reveal that the rate of decolorisation obtained using UV/TiO 2 /IO 4 À exceeds that obtained using UV/TiO 2 .
INTRODUCTION
The textile industry uses various dyes and pigments. Azo dyes are the largest and the most important class of commercial dyes. Therefore, decolorisation of azo dye in effluents has attracted considerable attention. C.I. Reactive Black 5 (RB5), a representative reactive diazo dye, is frequently found in larger amounts than other reactive dyes in dyebath effluents (Pekakis et al. 2006) ; hence, RB5 was selected as the parent compound in this research. Conventional treatment cannot efficiently remove dyes from textile wastewater, because they are stable against light and biological degradation. Treatments such as adsorption, flotation and coagulation change the phase of pollutants but do not destroy them. Accordingly, further treatments are required.
Advanced oxidation processes (AOPs) are alternative approaches for decolorising and reducing recalcitrant loads in textile wastewaters. TiO 2 is the photocatalyst most commonly used in photo-assisted decomposition of dyes because of its chemical and biological stability, high availability, low cost, non-toxicity, and high photocatalytic activity (Augugliaro et al. 2006; Zou et al. 2007) . Therefore, TiO 2 was used herein as a photocatalyst. AOPs that generate powerful, non-selective oxidising agent, hydroxyl radical, are commonly used to destroy hazardous pollutants (e.g., dyes, phenols, chlorophenols, and chlorobiphenyls). In UV/TiO 2 system, photogenerated holes are generated when TiO 2 particles are irradiated under UV light. Hydroxyl radicals are formed primarily by oxidation of OH À or H 2 O by photogenerated holes, and these radicals are principally responsible for the destruction of organic species (Konstantinou & Albanis 2004) . Oxygen acts mainly as an efficient electron trap, preventing the recombination of electrons and photogenerated holes. If oxygen is limited, then the rapid recombination of photoproduced electrons and holes in TiO 2 markedly reduces the efficiency of photocatalytic reactions; consequently, such a system has limited practical application.
Inorganic oxidants can be used as additives instead of oxygen to improve the photodegradation rates of organic substrates by quenching the conduction band electrons and by forming reactive radical intermediates (Weavers et al. 1997; Wang & Hong 1999) . Selvam et al. (2007) 
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Materials
TiO 2 (Degussa P-25) was used directly without treatment. The crystal phases of Degussa P-25 were anatase/rutile at a ratio of 3/1. The specific surface area, average particle size and pH of zero point of charge (pH zpc ) of Degussa P-25 were 50 m 2 /g, 30 nm and 6.6, respectively (Wu 2007) . The parent compound, RB5, purchased from Everlight Chemical Company, was utilised without further purification. The formula, molecular weight and maximum light absorption wavelength of RB5 were C 26 H 21 N 5 Na 4 O 19 S 6 , 991.8 g/mol and 597 nm, respectively. NaIO 4 was adopted to evaluate the acceleration of decolorisation. The pH of the solution was controlled by adding HNO 3 and NaOH via an automatic titrator. HNO 3 , NaIO 4 and NaOH were obtained from Merck. All reagents were of analytical grade and used as purchased.
Decolorisation experiments
Vaporisation, adsorption (in TiO 2 suspension) and direct photolysis were performed to compare the decolorisation efficiencies of RB5 associated with these reactions. Decolorisation experiments were conducted in a 3-litre hollow cylindrical glass reactor. The inner tube was made of quartz; an 8 W, 365 nm UV-lamp (Philips) was placed inside it as the source of irradiation. The intensity of the UV-lamp was 4.32 mW/cm 2 . The reaction medium was stirred continuously at 300 rpm and the temperature was maintained at 251C. Aliquots of 15 mL were withdrawn from the photoreactor at prescribed intervals. The suspended TiO 2 particles were separated by filtration through a 0.22-m filter (Millipore). The RB5 concentration was measured using a spectrophotometer (Hitachi U-2001) at 597 nm. The decolorisation efficiency was calculated from the difference in the dye concentrations before and after treatment.
RESULTS AND DISCUSSION
Effects of TiO 2 dosage
No significant amount of RB5 disappeared (o5% after reaction for 120 min) by vaporisation (o1%), adsorption (o5%) or direct photolysis (o2%). Therefore, disappearance of RB5 was attributed to degradation by UV/TiO 2 reactions. Figure 1 displays the effects of TiO 2 dosage on RB5 decolorisation. The decolorisation rate constants (k) of RB5 in the UV/TiO 2 system fit pseudo-first-order kinetics (ln(C o /C) ¼ Àkt), as consistent with various studies that have found dye decolorisation generally being approximated as pseudo-first-order kinetics (Wu & Chang 2006; Wu 2008 Wu , 2009 ). The k values were 0.53, 0.52, 0.69 and 0.68 h À1 using 0.1, 0.5, 1.0 and 2.0 g/L TiO 2, respectively. The decolorisation rate of RB5 increased with TiO 2 dosage in the range 0.5-1 g/L. Photogenerated holes and hydroxyl radicals were formed and the yield of holes and radicals increased with increasing TiO 2 dosage. Accordingly, the proportion of hydroxyl radicals that attacked RB5 and the reaction intermediates increased with TiO 2 dosage. However, adding a large amount of TiO 2 may reduce the penetration of UV and have a UV-screening effect, thus inhibiting photodegradation. This investigation found that the UV-screening effect by 1 g/L TiO 2 was negligible, and this dose was associated with the highest decolorisation rate. Hence, the dose of 1 g/L TiO 2 was added in subsequent experiments.
Effects of pH
The decolorisation rates of RB5 followed the order pH 44pH 74pH 10 ( deprotonation of the dye and the formation of OH radicals. Therefore, distinguishing the respective effects of pH on degradation efficiency becomes difficult. The surface of the TiO 2 was charged positively at pHopH zpc . RB5 was an anionic dye and was negatively charged because of the presence of the strong sulfonic acid groups. Accordingly, electrostatic interactions between the TiO 2 surface and the dye anions resulted in adsorption at low pH. In contrast, little adsorption occurred on TiO 2 surface at pH 10. However, OH radicals are more easily formed at high pH by oxidation of hydroxide ions on the TiO 2 surface, thus enhancing process efficiency. Various reaction mechanisms are responsible for the decolorisation of dye. They include attack by OH radicals, direct oxidation by positive holes and direct reduction by the electrons. Hence, the effect of pH on decolorisation efficiency differed from those associated with photocatalysts and photodegradation model substrates. Wu (2007 Wu ( , 2008 showed that the photodegradation efficiency of TiO 2 (Degussa P-25) followed the order pH 44pH 74pH 10.
Effects of RB5 concentration
The k values of RB5 in the UV/TiO 2 system were determined to be 1.91, 1.12, 0.69, 0.32 and 0.12 h À1 for 5, 10, 20, 40 and 80 mg/L of RB5, respectively. As the dye concentration increases, the decolorisation rate constant declines. Several studies have made similar observations (Wu & Chang 2006; Wu 2008 Wu , 2009 ) with two explanations. First, as the initial concentration of dye increased, the TiO 2 surfaces adsorbed more dye molecules, which (i) inhibited direct contact between dye molecules and photogenerated holes and (ii) suppressed the generation of hydroxyl radicals on the TiO 2 surfaces as the dye molecules cover the active sites. Second, more dyes and reaction intermediates compete with OH radicals for the active sites of the TiO 2 when the initial concentration is higher. Since the amount of TiO 2 is constant, the formation of OH radicals on the surface of the TiO 2 is also constant. Therefore, the number of OH radicals that attack the dye molecules and the reaction intermediates declines as the initial dye concentration increases. The essentially linear correlation between decolorisation rate and RB5 concentration in UV/TiO 2 was given by k ¼ 1.05[1/RB5] 0.98 (r 2 ¼ 0.976).
Effects of light power
Figure 3 plots the effect of UV radiation power on the decolorisation of RB5. It clearly indicates that the decolorisation rate increases with applied UV power. As the UV power increases, TiO 2 absorbs more photons, resulting in more electron-hole pairs in the TiO 2 surface, increase of hydroxyl radicals and consequently increased decolorisation rate. Earlier studies (Oliveira et al. 1990; Inel & Okte 1996) of the effect of light intensity have demonstrated the following relationship between degradation rate and intensity: (i) at low radiation intensity, the rate increases linearly with radiation intensity; (ii) at intermediate radiation intensities, the rate depends on the square root of the radiation intensity; and (iii) at high radiation intensities, the rate is independent of radiation intensity. These studies have attributed the relationships to the recombination of photogenerated electron-hole pairs under different radiation intensities. The linear correlation between decolorisation rate and light power was found to be k ¼ 0.178[power] 0.63 (r 2 ¼ 0.917). The photodegradation of aqueous organic pollutant is an electric-energy-intensive process, and electric energy typically represents a major fraction of the operating costs. Simple figures-of-merit based on electric energy consumption can therefore be very useful. The electrical energy per order of pollutant removal (EE/O) is a powerful scale-up parameter and a measure of the treatment rate in a fixed volume of contaminated water as a function of the applied specific energy dose (Bolton et al. 2001) . The EE/O value was adopted to compare the energy efficiency herein. In the case of low pollutant concentrations, the EE/O (kW Á h Á m À3 Á order À1 ) can be determined from Equation (1).
where P is the power (kW) of the system; V is the volume (L) of the water in the reactor; and k is the pseudo-first-order rate constant (min À1 ) for the decay of the pollutant in the pollutant concentration (Bolton et al. 2001; Daneshvar et al. 2005; Wu & Ng 2008 
Effects of IO 4 À addition
In the heterogeneous photocatalytic reaction being studied, molecular oxygen is employed as an electron acceptor to prevent electron-hole recombination. Periodate has a dual function, being a strong oxidant and an electron scavenger. Since holes at the particle interface typically react faster than electrons, illuminated particles contain excess electrons. These excess electrons must be removed to complete the oxidation reaction, thereby preventing their recombination with holes (Sadik 2007) . These species contributed to very efficient decolorisation of RB5. The effect of IO 4 À on RB5 decolorisation depends strongly on the electronegativity and the atomic radius of the I atom. The large I atom polarises easily and therefore becomes highly electropositive in IO 4 À , promoting the capture of electrons released from TiO 2 and thereby prolonging the life of photogenerated holes. The net effect is to increase the rate of formation of hydroxyl radicals and, thus, the effective rate of degradation of RB5, according to Equation (2) (Weavers et al. 1997; Irmak et al. 2004; Sadik 2007) : 
